Atrial remodeling especially in the form of fibrosis is the most important substrate of atrial fibrillation (AF). The aim of this study was to investigate the effects of doxycycline on chronic intermittent hypoxia (CIH)-induced atrial remodeling and the pathophysiological mechanisms underlying such changes.
Background
Atrial fibrillation (AF) is one among the most common arrhythmias in clinical practice [1] . Although treatment of AF has substantially advanced in recent years, numerous problems remain, and a fundamental breakthrough has not been made in the treatment of AF. MicroRNA is a class of non-coding ribonucleic acid molecules 22 nucleotides in length, which is usually bound to the 3 'UTR of an mRNA, thereby inhibiting the translation process or promoting the degradation of mRNA [2] . Recently, microRNA-21 and its downstream target PTEN, a potent inhibitor of the PI3K pathway, have been shown to play important roles in various pathophysiological activities [3] , and some studies have shown that these factors may be involved in the occurrence and development of AF [4, 5] .
Doxycycline is a semi-synthetic tetracycline antibiotic. Studies have shown that doxycycline can improve pulmonary fibrosis and prognosis of endoluminal aneurysm repair [6, 7] , suggesting that doxycycline has an intervention effect on cell injury repair. Matrix metalloproteinases (MMPs) may serve as intervention targets of doxycycline [8] . However, there are few reports on the role of doxycycline in preventing atrial fibrosis. Whether doxycycline can regulate the upstream signaling pathway of MMPs and other signaling pathways is not yet clear.
We established a rat model of atrial remodeling by CIH and investigated the intervention effect of doxycycline on atrial remodeling and upstream signaling pathways.
Material and Methods

Experimental protocol
This study was approved by the Experimental Animal Administration Committee of Tianjin Medical University. ARRIVE guidelines were followed in our experiments. Thirty male Sprague-Dawley rats were randomized into 3 groups: a control group, a chronic intermittent hypoxia (CIH) group, and a CIH with doxycycline treatment group. To evaluate the effects of doxycycline on CIH-induced atrial structural remodeling, rats in the treatment group were administrated doxycycline (30 mg/kg/d; intragastrically) for 30 days while receiving CIH. In each group, 5 rats were randomly selected for histological experiments and the other 5 rats were used for molecular biological experiments.
CIH and treatment rats were put into chambers and subjected to CIH. An oxygen concentration the analyzer was installed in the chamber, which is capable of regulating the switch of the charging valve in line with the concentration of oxygen in the chamber. Briefly, this consisted of cycling the oxygen concentration inside chamber at between 21% and 8%. This was achieved by alternately flushing with 100% nitrogen to gradually reduce oxygen concentration to 8%. Chambers were then flushed with oxygen to gradually increase oxygen concentration back to 21%. the time for CIH was 6 h/d for 30 days. The rats were sacrificed after echocardiography was completed at 31 days, and atrial tissues were used for histological and molecular biological experiments.
Echocardiography
After weighing, rats were anesthetized with isoflurane and fixed on the animal platform, and the animal-oriented Doppler ultrasonic machine was used for echocardiography. The VisualSonicsVevo2100 imaging system was used to acquire and anatomize the images. Left atrial diameter (LAD), left ventricular end diastolic diameter (LVEDD), left ventricular end systolic diameter (LVESD), and pulmonary artery acceleration time (PAT) were assessed. The mean pulmonary artery pressure (mPAP) was acquired in line with the formula proposed by Haham (79-0.45×PAT) and left ventricular ejection fraction (LVEF) was acquired in line with the Teichholtz formula (V=7.0/(2.4+D)×D 3 ), taking the average of 3 cardiac cycles to acquire data.
Sample collection
After the echocardiography was completed, rats were anesthetized with 10% chloral hydrate (1 mg/kg), we cut the skin along the sternal midline, separated the subcutaneous tissues, and exposed the heart. Hearts were quickly removed and rinsed with PBS. Additionally, left atria and right atria comprising atrial appendages were attained and fixed in 10% formaldehyde for 48 h and embedded in paraffin after dehydration. Samples for molecular biological experiments were rapidly frozen in liquid nitrogen.
Histological studies
Samples were embedded in paraffin and stored at 4°C, after which they were sliced into 5-μm sections, heated for 1 h at 60°C, and corresponding staining was performed. Immunohistochemistry staining was used to identify the protein expression of PTEN and PI3K in atrial tissues. Masson staining was used to anatomize the extent of atrial fibrosis; fibers in the tissue appeared blue and myocardial tissue appeared red. We observed the extent of atrial fibrosis by calculating the collagen fraction, defined as [blue area/(red area + blue area)]. Left atria and right atria were cut into least 5 sections per animal. Each section was examined in 5 randomly-selected high-power fields (×400) and middle-power fields (×200) and blood vessels and epicardial tissues were excluded. Stained images were digitized and anatomized using ImagePro Plus 7.0 software.
Real-time PCR
Total RNA was extracted with Trizol reagent (Life Technologies, USA), isopropanol, and chloroform, and the RNA was then reverse-transcribed into cDNA using a reverse transcription kit (TIANGEN Biotech, Beijing), RT-qPCR was performed using the 7500 Real-Time PCR System with SYBR green fluorescent dyes (TransGen Biotech, Beijing). All of the reactions were repeated at least 2 times, with at least 3 replicates for every sample. Cycle threshold (Ct) data were collected, and 2 -DDCt method was used to compare with mRNA level. U6 and GAPDH were used as internal controls. The primers used are shown in Table 1 .
Western blot
Total protein was extracted with RIPA lysate (KeyGEN BioTECH, Nanjing) and PMSF (protease inhibitor, KeyGEN BioTECH, Nanjing). The lysates were centrifuged at 12 000 rpm for 20 min and the supernatants were collected. Samples (10 μl) were run on a SDS-PAGE gel followed by blotting to a nitrocellulose membrane. Membranes were blocked with 5% skim milk for 2 h at room temperature, then the membranes were incubated overnight at 4°C with the following primary antibodies: bactin (1: 4000 Proteintech, USA), PTEN (1: 10000 Abcam, USA), and PI3K (1: 2000 Cell Signaling TECHNOLOGY, USA). Before adding secondary antibody (1: 10 000 PROMEGA, USA), we washed the membranes with TBST 3 times followed by incubation for 2 h at room temperature. Rhea ECL (US EVERBRIGHT INC, Suzhou) was used as developer reagent and the band intensity was assessed using Image J lab software.
Statistical analysis
All data are presented as mean ± standard deviation and were compared using one-way ANOVA followed by Bonferroni correction. Table 3 . The atrial collagen fraction in the three groups.
LA -left atria; RA -right atria. 
Results
Body and heart weights and parameters assessed by echocardiography
Body weights were higher in the control group compared to the treatment group, and body weights in the CIH group fell between these values. Heart weights in the CIH group were significantly higher than in the control group and treatment group. The findings of echocardiography are detailed in Table 2 . The mean pulmonary artery pressures in the CIH and treatment group were markedly higher than in the control group. No significant differences in LAD, LVEDD, LVESD, and LVEF were observed among the control, CIH, and treatment groups.
CIH-induced atrial fibrosis can be attenuated by doxycycline
As exhibited in Table 3 and Figures 1, 2 , compared to the control group, CIH induced a significant atrial interstitial collagen deposition, and this change was significantly attenuated by doxycycline.
MicroRNA-21 upregulation and PTEN downregulation were associated with atrial remodeling
The expression levels of microRNA-21 and PTEN are shown in Figure 3 . Compared to the control group, microRNA-21 was significantly upregulated in the CIH group and this upregulation was significantly attenuated by doxycycline. PTEN, a downstream target of miR-21, was downregulated in the CIH group compared to the control group and was upregulated in the treatment group.
Consistent with the results of mRNA expression level, PTEN protein levels were significantly lower and PI3K protein levels were significantly higher in the CIH group compared to the control group. All of these changes were improved in the treatment group (Figures 4, 5) .
Discussion
AF is an important problem in cardiovascular diseases in the 21 st century. The incidence rate of AF gradually increases with age [9] . Electrical and structural remodeling of the atria are mechanisms and substrates for the occurrence and maintenance of AF [10] , and many genes, including microRNAs, are associated with AF [11, 12] . Atrial fibrosis is perceived to be the most crucial structural remodeling in AF [13] ; therefore, animal models of atrial fibrosis are often used for studying AF. At present, there is still no effective method for the prevention and treatment of AF, but suppression of atrial fibrosis and its signaling pathways may help to prevent and control AF. Related studies have shown that microRNA exerts a crucial role in the pathophysiological mechanism of arrhythmia [14] . Some microRNAs have been confirmed to be related to the occurrence and development of AF [15] . Among them, microRNA-21 is strongly involved in myocardial fibrosis [16] . Cardin et al. [17] reported that microRNA-21 knockout significantly inhibited the process of atrial fibrillation and the induction rate of AF after myocardial infarction. Doxycycline, as an antibiotic, has been applied in clinical practice for many years. Bhattacharyya et al. [18] showed that doxycycline merited an appropriate clinical trial in the management of idiopathic pulmonary fibrosis and related studies suggested that doxycycline can improve the clinical outcomes of patients with cystic fibrosis exacerbations or lymphangioleiomyomatosis [19, 20] . In addition, Hori et al. [21] showed that doxycycline attenuates isoproterenol-induced myocardial fibrosis in rats. Therefore, it is of great clinical significance to exploring the intervention effect of doxycycline on atrial fibrosis.
Our study showed that CIH can promote the atrial structural remodeling in rats. The degree of atrial fibrosis in the model group was significantly increased compared to the control group and treatment group. However, doxycycline improved atrial fibrosis (atrial collagen fractions in the control group, model group, and intervention group were 1.50±0.23%, 6.40±0.84%, and 2.84±0.69%, respectively), perhaps because improving fibrosis is associated with the changes of microRNA-21 and its downstream pathway. Body weights of rats in the model group and treatment group was lower than in the control group, which may be explained by CIH or drug intervention. Additionally, CIH increased of the heart weights of rats in the model group. Moreover, the pulmonary artery pressures of rats in the model group and treatment group were significantly higher than in the control group, which may be the result of CIH.
shown that upregulation of microRNA-21 inhibited PTEN expression and activated the PI3K pathway, thus exerting anti-proliferation effects in rat primary VSMCs. Yang et al. [24] showed that microRNA-21 targeted PTEN increasing the PI3K pathway and finally the activation of this pathway counteracted the apoptotic effect of hypoxia/reperfusion in cardiomyocytes.
Wang et al. [25] also showed that microRNA-21/ERK plays an important role in the pathophysiology of atrial remodeling. The present study showed that microRNA-21 expression in the model group was significantly higher than that in control group. Protein and mRNA expression levels of its target gene PTEN in the model group were decreased, while expression Our results show that aberrant expression of microRNA-21 can contribute to cardiovascular diseases by modulating PTEN expression and PTEN-dependent pathways, downregulation of PTEN and overexpression of microRNA-21 may play important roles in atrial remodeling in rats, and doxycycline may improve atrial remodeling by affecting microRNA-21 and its downstream signaling pathway. Further studies are needed to elucidate the mechanism of microRNAs and related signaling pathways in atrial remodeling, which may provide new ideas for clinical treatment of AF.
Limitations
Some limitations should be taken into consideration when interpreting our results. First, we did not perform electrophysiological or AF inducibility studies, so increased inducibility cannot be shown from our results. However, we showed that CIH induced atrial fibrosis, a hallmark of AF and a well-known AF promoter, which can be attenuated by doxycycline. Future studies focusing on AF inducibility and electrical remodeling are warranted. Second, we did not determine whether doxycycline has a direct effect on the expression of PTEN/PI3K.
Conclusions
CIH induced significant atrial remodeling in our rat model, which was attenuated by doxycycline in our rat model. These changes may be explained due to alterations in the microR-NA-21-related signaling pathways by doxycycline.
